for ionic nitrides. These rates and recoveries are encouraging when extrapolated to a full scale process. However, nitrides with lower ionicity are attractive due to simplified reduction conditions to recycle the oxidized reactant after NH 3 formation. For these materials diffusion in the solid limits the rate of NH 3 liberation. The nitride ionicity (9.96-68.83% relative to an ideal ionic solid) was found to correlate with the diffusion constants (6. suggesting that the reduction of H 2 O over nitrides yielding NH 3 is governed by the activity of the lattice nitrogen or ion vacancies, respectively. The ionicity appears to be a useful rationale when developing an atomic-scale understanding of the solid-state reaction mechanism and when designing prospectively optimized ternary nitrides for producing NH 3 more sustainably and at mild conditions compared to the Haber Bosch process.
Introduction
Energy, water, and food have been cited by Nobel laureate R. Smalley in order of priority as the top three problems that mankind will face in the next decades 1 . Solar energy is essentially inexhaustible and environmentally benign. Employing solar energy to solve society's most demanding challenges, however, requires efficient harvesting of this relatively dilute, intermittent, and geographically non-homogeneous energy source 2 .
Man-made ammonia (NH 3 ) has been recognized as to some extent responsible for the "green revolution" of the first half of the 20 th century. In other words, it provides the basis of nutrition for a large portion of the human population on earth. Global production of NH 3 is currently about 130 million metric tons (t) annually 3 . Ammonia is produced industrially via heterogeneous catalysis that cleaves N 2 and hydrogenates nitrogen to NH 3 in a single step conducted at some of the most severe conditions in the chemical industry of up to 30 MPa and 500°C 4 . The compression work required for the technically sophisticated synthesis accounts for about 16% of the 28-37 GJ t -1 NH 3 consumed by the process 5 . Approximately 45% of the global H 2 production is absorbed as feedstock in the synthesis of NH 3 6 . The H 2 feedstock is generated on-site from fossil resources (mainly natural gas, coal or Naphtha), leading to significant fossilbased CO 2 emissions 4 and production of NH 3 in a few hundred large-scale centralized facilities world-wide 7 . Given the increasing global population and the potential of NH 3 as a "perfect hydrogen carrier" 8, 9 and as a convenient alternative fuel in compression-ignition engines 10, 11 , direct synthesis of NH 3 from N 2 , H 2 O and sunlight may contribute to a sustainable solution to two of our most demanding challenges, energy and food.
Substantial research efforts have pursued the synthesis of NH 3 at ambient pressure 7 . NH 3 has been synthesized electrochemically or electrocatalytically [12] [13] [14] [15] [16] , e.g., at the cathode of an electrochemical cell that is cleaving N 2 13 and H 2 O to generate O 2- which is oxidized at the anode to O 2 15 . Alternatively, homogeneous catalysis via N 2 reduction with transition metal complexes that give substantial yields of NH 3 when reacted with acid or H 2 has attempted to mimic the enzymatic catalysis of N 2 fixation in the liquid phase [17] [18] [19] [20] . Albeit promising, both approaches
have not yet reached maturity. Electrochemical synthesis relies on electricity and requires novel electrolyte and electrode materials to increase NH 3 formation rates 15 . A major obstacle of the biomimetic approach 18 is the external reducing equivalent (mostly a sacrificial alkali metal or pH adjustment) that is required for generating the dinitrogen complex from a high oxidation state halide complex [17] [18] [19] . This work pursues an alternative strategy that separates the N 2 cleavage from the nitrogen protonation (Scheme 1). Conceptually (with generalized stoichiometry), an oxidized inorganic material (M c O d ) can be reduced with a suitable reducing agent (R) at elevated temperatures:
with M being a metal and lower case letters indicating stoichiometric coefficients. The reaction accomplishes storage of the 2p electrons of oxygen in the metal. This can be achieved with concentrated solar radiation 2 , that is, harvesting photons from the entire insolation spectrum as reducing equivalents [21] [22] [23] [24] . Dependent on the free energy of formation of the metal, the remaining reducing equivalents required for the thermochemical charge transfer are supplied by a relatively weak reducing agent 18, 25 . This may be H 2 or biomass with syngas as a beneficial co-product [26] [27] [28] .
The generated reactant can thereafter provide the reducing power for the six-electron reductive cleavage of N 2 (forming N 3- ions in the solid state) and splitting of H 2 O (yielding the metal oxide, the desired NH 3 , and possibly H 2 ) without electricity or a fossil fuel:
This separation of N 2 cleavage and protonation allows optimizing the equilibrium positions and kinetics of each reaction conducted at favorable temperatures and near 0.1 MPa.
Previous studies have outlined the likely economic competiveness of this concept 26, 28, 29 .
Realization of the reaction cycle, however, requires research for a reactive material that balances conflicting thermochemical properties and technical requirements 28 . These are in particular: (i) acceptable yields and kinetics of the N 2 reduction and protonation of the lattice nitrogen near 0.1 MPa, (ii) reduction of the oxidized reactant (recycling) at temperatures that can be contained physically in an industrial-scale solar furnace (preferably below 1500°C), (iii) use of moderate quantities of a sustainable reducing agent, and (iv) significant energy conversion efficiencies (comparing raw materials plus solar energy with the energy contained in the NH 3 and perhaps syngas produced). The "degree of freedom" to control the reduction temperature and the quantities of reducing agent and byproducts by adjusting the reactant composition is illustrated with supporting material for this paper that is available online. Here the hydrolysis yield and kinetics, and the impact of this step on the overall process efficiency are the main subjects. Figure 1A maps the ratios of heat released during the N 2 reduction or NH 3 formation relative to the energy absorbed in the oxide reduction for various binary nitride/oxide pairs 28, 30 . The calculation indicates high theoretical ratios of the heating value of the generated solar-based energy carrying molecules 31 (NH 3 and syngas) to the supplied solar and chemical energy of about 52 to 85%. This worst case assumes no in-process heat recovery, separate metal reduction and nitridation, and use of nitrides that are expected to yield ammonia.
Thermochemical theory and reaction mechanism

Materials composition determining energy conversion efficiencies
Predominantly ionic nitrides (e.g., Mg 3 N 2 or Ca 3 N 2 ) liberate large quantities of heat during their hydrolysis (Fig.1A ). This limits their attractiveness for the proposed concept since this energy can not be easily integrated at the higher temperatures required for the endothermic oxide reduction step. On the other hand, binary transition metal nitrides with relatively high NH 3 equilibrium yields (e.g., Mn 4 Although well-studied for their refractory properties 32, 33 hydrolysis of nitrides and NH 3 formation kinetics have been rarely reported 27, [34] [35] [36] . Pourbaix diagrams providing information on corrosion mechanisms are typically only available for pure elements 37 . Bonding in metal nitrides appears not well understood 38 .
Determining an optimum reactant composition is a complex task of balancing contradictory requirements. Finding trends in the chemical reactivity and reaction kinetics is an essential first step in understanding material properties and in rational materials design 39 . Figure   2 shows that a higher number of d electrons correlates with reduced stability of the nitride due to the higher number of electrons in nonbonding orbitals weakening the metal-nitrogen bond 39 .
Recognizing that this bond 38 has to be stable enough to reduce 0.1 MPa N 2 but weak enough 28 to avoid excessive liberation of heat during hydrolysis illustrates the importance of understanding the electronic structure 7, 39, 40 of the metal-nitrogen bond. This will be inevitable for the design of a novel, perhaps ternary 41 , optimized reactant for the reactive NH 3 synthesis.
Possible reaction mechanism
In lieu of a complete quantitative description of the overall NH 3 formation mechanism, which exceeds the scope of this work, a schematic of the hypothetical reaction mechanism is given in Chart 1. The overall process converting N 
Experimental
Metal nitridation
The nitrides of Ca, Mn and Mo were prepared (Fig.3 
Metal nitride hydrolysis
To describe the reaction kinetics of the lattice nitrogen seven metal nitrides (Table 1) at > 10 min) to below 100°C. All solids were stored under Ar (Mg 3 N 2 , Ca 3 N 2 ) or air at 4°C. All liquids were stored at room temperature.
Solid state analysis
Powder X-ray diffraction (XRD, Miniflex II diffractometer, Cu-target X-ray tube, 30 kV / 15 mA output, diffracted beam monochromator, Rigaku) was used (5-80 °2θ range, 1 or 10 °2θ/min scan speed, 0.02 data points/°2θ, continuous mode) for quantitative solid phase identification (PDXL Software Version 1.6.0.0). To confirm metal nitridation energy-dispersive X-ray spectroscopy (EDS) was employed using scanning electron microscopy (SEM) (20 keV, S-3500N, Hitachi; Link Pentafet 7021 X-ray detector and Inca Energy X-ray analysis software, both Oxford Instruments). Nitride particles were imaged by SEM before and after reacting with steam at 500°C. All weights were determined using an AE260 DeltaRange balance (± 0.1 mg, Mettler). The specific BET surface area was analyzed by NanoScale Inc., Manhattan, KS. 
Liquid and gas phase analysis
Chemicals
Solid chemicals were AlN (99.8% pure, -325 mesh), Mn metal (99.9% pure, -325 mesh), and NaOH (99.6%, certified ACS pellets, Fisher Scientific). Glassware was cleaned with acetone (certified ACS, Fisher Scientific). All gases (H 2 , N 2 , and Ar) were UHP Zero grade (Linweld). H 2 O was deionized (Direct-Q 3 UV, Millipore) and degassed with Ar. HCl (12.1 N, certified ACS Plus) was from Fisher Scientific. Table 1 shows the major bulk nitride phases identified via XRD. The BET specific surface area of the materials is consistent with the literature 27, 34, 35, 42 . The surface area of the nitrides that have been prepared from their elements is of the same order of magnitude as for purchased Cr 2 N and about one order of magnitude below the specific surface area of Mg 3 N 2 , AlN and Zn 3 N 2 . Whether this may affect NH 3 yields is addressed in Section 4.2. Values of the partial electronic charge of the lattice nitrogen [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] , q N , are summarized in Table 2 .
Nitride characterization
Data processing
To determine the hydrolysis reaction kinetics, the yield of NH 3 , X NH3 , is reported as molar ratio of NH 3 captured by the acidic absorbent (n in mol) at a given time, t, relative to the lattice nitrogen of the reactant before the reaction: 
Results and Discussion
NH 3 liberation kinetics from p-and d-block nitrides
It is of utmost importance to determine limiting processes that impede a rapid and efficient conversion from nitride to ammonia. The rate-limiting process of a heterogeneous reaction may be mass transfer or chemical reaction, k r , where k marks a specific rate constant.
Mass transfer by diffusion occurs in the gas phase, described by k g , or in the solid phase, k s . To determine the rate-limiting step three shrinking-core models for spherical particles of unchanging size 54 were applied:
The specific rate constants fitted 23, 34 in the time interval Δt fit with a maximum R 2 are summarized in Table 3 . Representative graphs of the NH 3 yield versus the reaction time (at the temperature that resulted in maximum X NH3 ) are given in Figure 4 . As an aside, the yield of NH 3 after 60 min is in most cases below the yield determined after 10 or 30 min respectively. This is presumably due to unwanted stripping of the absorbent by the steam routed from the reactor through the wash bottle after the reactor. Based on minimizing the residual sum of squares between the experimental data and the employed shrinking core models, a solid-state diffusion limitation (Eq.6) describes the formation of NH 3 from the tested p-and d-block nitrides (with few exceptions, see Table 3 ) best.
Solid-state diffusion limited NH 3 formation (Chart 1) is in agreement with the low yield of NH 3 via corrosion of chromium nitrides or stainless steel with dissolved nitrogen 27, 33 . The (Table 3 ) and pressure, and the nitride particle size 32, 34, 35 . Liberation of NH 3 from AlN is represented well by a solid-state diffusion limited process (Table 3) . (Fig.4) this supports the formation of NH 3 from the bulk of these materials involving the transport of lattice nitrogen from the bulk (approximately 13-490 nm below the particle surface) to the solid/gas interface.
In summary, diffusion limitations in the solid state appear to be the most plausible kinetic limitation for the NH 3 liberation via H 2 O splitting over nitrides of Al, Cr, Mn, Zn, or Mo.
NH 3 liberation kinetics from s-block nitrides
A case will be made that hydrolysis of Mg 3 N 2 or Ca 3 N 2 respectively appears to follow a mechanism that is limited by gas phase diffusion (Eq.5) rather than solid-state diffusion. Opposed to the hydrolysis of Zn 3 N 2 (Fig.4) , diffusion limitation in the gas phase represents the liberation of NH 3 from Mg 3 N 2 or Ca 3 N 2 respectively best at all tested temperatures ( Table 3 ).
The minimum initial reaction rates for these nitrides at 300°C may originate from the opposing effects of high reactant concentrations at low temperatures (about 25-16 mol H 2 O m -3 at 200-500°C, assuming an ideal gas) and short residence times of the meta-stable NH 3 36 and reported specific rate constants of the Mg 3 N 2 hydrolysis on the same order as those reported here, which supports our interpretation.
NH 3 formation without solid-state diffusion control for Mg 3 N 2 or Ca 3 N 2 respectively is supported in addition by a correlation between the specific rate constant and the specific volumes of nitrides and the solid reaction products (Fig.5) . This can be rationalized as particle breakup due to volume changes during the reaction (Fig.5) . The reaction products were mixtures of the reacted metals, nitrides, and Mg(OH) 2 /MgO, Al(OH) 3 The activation energies of the NH 3 liberation (determined from Arrhenius plots of the specific rate constants given in Table 3) . This is additional support for the assumed gas phase diffusion limitation since typical activation energies for solid-state diffusion limited processes are about 60 kJ mol 
Nitrogen mass balance
The nitrogen mass balance (Fig.4) neglects the relatively small amount of NH 3 In summary, the efficient conversion of up to 70 mol% nitrogen liberated from ionic nitrides to NH 3 is matched in the reported experiments only by about 60 mol% NH 3 from the nitrogen of Mo 2 N. The low yield of NH 3 from manganese nitride will be assessed elsewhere.
Nitride ionicity controlling the solid-state diffusion
Nitride hydrolysis yielding NH 3 is favored by a decrease in free energy (Fig.1B) Attempting a relative comparison of the nitride hydrolysis data (Table 3) , ionicity, i N , here defined as the partial nitrogen charge [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] ( Table 2) relative to a theoretical -3 oxidation state of the lattice nitrogen, i N = q N /(-3), can be correlated with the specific rate constants k s (Fig.6 ). This shows a promotion of the reaction kinetics by the partial electric charge of the lattice nitrogen, leveling off at about 35% ionicity (arrow, Fig.6 ). As reported for the diffusion of nitrogen or carbon in other solid-state processes 58 , the effective diffusion coefficient appears dependent on the activity of the lattice nitrogen. respectively. Figure 7 shows a plot of the diffusion coefficient versus the nominal radius of a single metal ion 6 ( Fig.7A) or the nitride ionicity respectively (Fig.7B) . The apparent bulk diffusion coefficient does not correlate with the nominal radius of a single metal ion but yields a nearly quantitative correlation (R This dependency of the ammonia formation kinetics on of the nitride ionicity can be used to screen for optimized reactants. The ideal nitride for solar thermochemical NH 3 synthesis (see Section 2) has, on one hand, a reasonably stable metal nitrogen bond to enable the reduction of 0.1 MPa N 2 (opposed to, e.g., Zn 3 N 2 ) without forming highly stable oxides (e.g., MgO or Al 2 O 3 ) 28 . This narrows the focus on the transition metals. On the other hand, efficient and fast protonation of the lattice nitrogen to NH 3 requires nitride ionicities between those of Mo 2 N and Zn 3 N 2 . The desired optimum may be found by screening the transition metal nitrides for their partial electric nitrogen charge and/or by doping nitrides (e.g., those formed by Mo or Mn) with metals that donate additional electrons to the nitrogen without leading to formation of significantly more stable oxides during the hydrolysis (maybe small quantities of early transition metals such as Ti).
Conclusions
A rationale to design new reactants for solar thermochemical ammonia production from air and water based on ionicity has been developed. The correlation between the nitride ionicity and the effective solid-state diffusion coefficient that limits nitride hydrolysis (ammonia formation) suggests a reaction mechanism governed by the volumetric concentration of active nitrogen ions. Based on NH 3 liberation kinetics, the nitrogen mass balance and the minimum heat liberated during the hydrolysis step Mo 2 N may be a promising major constituent of a reactant for the solar thermochemical NH 3 synthesis. Development of manganese-based reactants may benefit from efficient liberation of the lattice nitrogen but will require means to ensure an economic recovery of the nitrogen as NH 3 . Table 3 ): (A) solid-state diffusiongoverned NH 3 formation from Al (circle), Cr (diamond), Mn (triangle), and Mo (square) nitrides and (B) the supply of H 2 O from the gas phase controlling NH 3 formation from Mg (circle), Ca (diamond) and Zn (triangle, at 500°C, see Table 3 ) nitrides. Error bars are via error propagation. Metal cations indicated mark the oxides/hydroxides detected after hydrolysis. Error propagation using three standard deviations yields in average ca. ± 2.22% (300°C) or ± 3.23% (500°C). Table 3 ): (A) solid-state diffusiongoverned NH 3 formation from Al (circle), Cr (diamond), Mn (triangle), and Mo (square) nitrides and (B) the supply of H 2 O from the gas phase controlling NH 3 formation from Mg (circle), Ca (diamond) and Zn (triangle, at 500°C, see Table 3 ) nitrides. Error bars are via error propagation. Metal cations indicated mark the oxides/hydroxides detected after hydrolysis. Error propagation using three standard deviations yields in average ca. ± 2.22% (300°C) or ± 3.23% (500°C). 
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